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Disturbances affect metapopulations directly through reductions in population size and indirectly through habitat modiﬁcation. We
consider how metapopulation persistence is affected by different disturbance regimes and the way in which disturbances spread, when
metapopulations are compact or elongated, using a stochastic spatially explicit model which includes metapopulation and habitat
dynamics. We discover that the risk of population extinction is larger for spatially aggregated disturbances than for spatially random
disturbances. By changing the spatial conﬁguration of the patches in the system—leading to different proportions of edge and interior
patches—we demonstrate that the probability of metapopulation extinction is smaller when the metapopulation is more compact. Both
of these results become more pronounced when colonization connectivity decreases. Our results have important management implication
as edge patches, which are invariably considered to be less important, may play an important role as disturbance refugia.
r 2006 Elsevier Inc. All rights reserved.
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Classical metapopulation models ignore habitat dy-
namics, assuming that metapopulations are driven by
extinction and colonization processes in an invariant
landscape. However, empirical evidence suggests habitat
dynamics are likely to play a more important role than
previously appreciated. Indeed, disturbances, like ﬁre and
logging, have been shown to cause local extinctions of
some species (reviewed in Gurevitch and Padilla, 2004).
For instance, nearly all extinctions of British butterﬂies can
be attributed to conversion of habitat to an unsuitable state
(e.g. agricultural production or to a different vegetation
type), not just to classic colonization–extinction dynamics
(Thomas, 1994). In fact, the persistence of species that use
early or mid-successional habitats (e.g. Wahlberg et al.,e front matter r 2006 Elsevier Inc. All rights reserved.
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.possingham@uq.edu.au (H.P. Possingham).2002), or those that have negative impacts on their own
habitat (e.g. Fryxell, 2001), appear to be driven largely by
extrinsic habitat dynamics, as opposed to intrinsic coloni-
zation and extinction processes. Disturbances that make
patches unsuitable directly decrease metapopulation per-
sistence by increasing the rate of local extinction, and
indirectly by reducing the pool of empty patches that could
be colonized.
The importance of interactions between metapopulation
dynamics and patch dynamics in determining the persis-
tence of a metapopulation is attracting increasing attention
(Fahrig, 1992; Gyllenberg and Hanski, 1997; Brachet et al.,
1999; Johnson, 2000; Keymer et al., 2000; Amarasekare
and Possingham, 2001; Ellner and Fussmann, 2003;
Thomas and Hanski, 2004; Kallimanis et al., 2005; Wilcox
et al., 2006). However, many of these analyses still focus on
spatially uncorrelated habitat dynamics, even though
habitat disturbances are rarely randomly distributed in a
landscape at the scale of most local populations. For
instance, both ﬁre and ﬂooding are typically aggregated in
time and space. In the face of such disturbances, we would
expect metapopulation persistence to be inﬂuenced by
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system.
The rate, amount, and temporal and spatial structure of
habitat destruction play an important role for metapopula-
tion persistence by changing patch suitability (Johnson,
2000; Keymer et al., 2000; McCarthy and Lindenmayer,
2000; Amarasekare and Possingham, 2001; Johst and
Drechsler, 2003; Kallimanis et al., 2005; Wilcox et al.,
2006). However, few studies have considered the impact of
spatially correlated disturbances on metapopulation viabi-
lity. Moreover, the interaction of these forms of distur-
bance and patch conﬁguration is not presently well
understood. Through its inﬂuence on patch vulnerability
to disturbance and colonization events, the spatial conﬁg-
uration of habitat patches is expected to be important in
determining metapopulation persistence. Colonization
among habitat patches is more likely to occur between
adjacent patches (Harrison, 1991; Doebeli and Ruxton,
1998; Thomas et al., 2001; Wiens, 2001) and in systems
with more connectivity (Fahrig and Merriam, 1985;
Hansson, 1991; Moilanen and Hanski, 2001). Thus, spatial
conﬁguration would affect the ability of a species to
disperse and, in systems with habitat dynamics, the
distance between suitable unoccupied and occupied patches
(Doak et al., 1992; Diffendorfer et al., 1999). We expect
that the spatial conﬁguration of patches in a metapopula-
tion—determined by the shape of the patch network
(elongated or compact, for example) rather than the
distance between neighboring patches—may affect not
only colonization (Hanski and Ovaskainen, 2000) but also
how much of the time a patch contains suitable habitat
(Cochrane, 2003), by modifying the frequency at which
patches are disturbed or colonized. If disturbances that
affect habitat are spatially correlated or contagious, such as
ﬁre, hurricane, or drought, it is important to know whether
some patches are less prone to such events and could
provide refugia, serving as a source of colonists that might
support the metapopulation following disturbance events.
Speciﬁcally, there may be a correlation between patches
that are well-connected and likely to be a source of
colonists, and patches which are often disturbed. In this
case it is unclear which patches will make the greatest
contribution to metapopulation persistence. Understand-
ing this disturbance-colonization interaction is essential
from a management point of view, as it will determine
which spatial conﬁgurations of patches, one of the few
aspects of metapopulations that environmental planners
can manipulate effectively, provide the highest metapopu-
lation persistence.
In this paper, we analyze the effect of spatially correlated
and temporally variable disturbance on patch lifetime and
metapopulation persistence across different levels of
subpopulation connectivity and spatial conﬁgurations of
patches. We assess the effect of disturbance on metapopu-
lation persistence in three ways. First, we compare
predictions of a spatially explicit model with an analytical
mean-ﬁeld approximation, for the case where disturbanceis spatially random. This analysis provides a veriﬁcation of
the simulation results and a platform for interpreting the
results of more complex simulations. Second, we ask how
spatially correlated disturbances affect metapopulation
persistence, by examining the inﬂuence of different levels
of connectivity and two extreme spatial conﬁgurations for
metapopulations (elongated and compact). Third, we
consider how spatial and temporal correlation in distur-
bance affect patch lifetime (the length of time a patch is
suitable before disturbance) for the two spatial conﬁgura-
tions, evaluating the effect of patch position in each
conﬁguration on its lifetime. Finally, we discuss the
implication of our results for the management of metapo-
pulations in dynamic landscapes.
2. Methods
Our spatially explicit metapopulation model is built using an object-
oriented programming approach (Downing and Reed, 1996). In this
model, each habitat patch is a spatial entity with a geographical position.
We consider a ﬁnite metapopulation system of 100 habitat patches. In
order to analyze the effects of the spatial conﬁguration of patches on
persistence we evaluate the metapopulation dynamics using two spatial
conﬁgurations, a compact regular 10 10 grid of patches and an
elongated regular 2 50 grid, both with one unit of distance between
neighboring patches.
2.1. Metapopulation and habitat dynamics
The metapopulation simulation model has both habitat (or patch)
dynamics and local population dynamics. Each habitat patch can be in
one of the three states: (i) unsuitable and unoccupied, (ii) suitable and
unoccupied, or (iii) suitable and occupied. According to its state, each
patch may undergo events of recovery if unsuitable, disturbance, or
colonization if suitable and unoccupied, and extinction or disturbance
(and thus extinction) if suitable and occupied. The events of recovery,
extinction, colonization, and disturbance each occur according to a
probability of the form
Prfeventg ¼ 1 ey, (1)
where y corresponds to the rate of the considered event: recovery,
extinction, and colonization rates (r, e, and c, respectively). Disturbances,
which affect multiple patches simultaneously, also occur according to (1)
at rate d. However, when a disturbance occurs, the number of patches that
change from suitable to unsuitable j is binomially distributed as
Prfjg ¼
s
j
 !
pjð1 pÞsj , (2)
where s is the number of suitable patches and p is the per patch probability
of a patch being disturbed.
Both colonization and disturbance have a spatial component to their
dynamics. Colonization occurs from occupied patches to patches which
are connected, suitable, and unoccupied, and is limited by a speciﬁed
dispersal range (i.e. d ¼ 1; 2; 3; 4, or N distance units) corresponding to
the degree of connection between patches. Thus for an unoccupied but
suitable patch j, the chance it is colonized by an occupied patch i is
Prfj colonized by ig ¼ ð1 ec=N ÞIðd; dijÞOiðtÞ, (3)
where N is the number of patches, for any patch i which is dij distance units
from patch j,
Iðd; dijÞ ¼
1 if dijpd;
0 otherwise;
(
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OiðtÞ ¼
1 if patch i is occupied at time t;
0 otherwise:

When a disturbance occurs, those patches that are affected by the
disturbance are chosen either randomly or in a spatially aggregated
manner. In the spatially random case, each patch is selected with equal
probability. In the spatially aggregated case, those patches to be disturbed
are selected by ﬁrst choosing a single patch at random from the suitable
patches. This patch is the ﬁrst to be disturbed. Then, other suitable patches
are selected to be disturbed according to a probability pi, which depends
on their distances dik to the already-disturbed patches identiﬁed by index k
in the following equation:
pi ¼
P
kAkd
2
ikP
i
P
kAkd
2
ik
, (4)
where Ak is equal to 1 if patch k is one of those already selected to be
disturbed. In both the random and spatially aggregated cases, this
selection process continues until j suitable patches are disturbed, where the
total number of disturbed patches j has the binomial distribution given by
(2). This ensures that the total amount of disturbance is equal regardless of
the conﬁguration of patches.
2.2. Simulation setup
Metapopulation and patch dynamics are simulated as a discrete-time,
sequential process of recovery, disturbance, extinction, and colonization.
We assume that within a single time-step a newly occupied patch cannot
colonize other patches. For each set of parameter values, at the beginning
of the simulation all habitat patches are suitable and occupied, and the
dynamics are then simulated for 500 time-steps. From these simulations
we estimate the probability of metapopulation extinction within 500 time-
steps and the mean patch lifetime as summary measures of the system
dynamics. The extinction probability is deﬁned as the ratio of the number
of simulations where the metapopulation went extinct to the total number
of simulations. The patch lifetime is computed dynamically; at each
disturbance event, we randomly select a patch that is being disturbed and
record the number of units of time since it was last disturbed. By
performing a large number of simulations we construct a distribution for
the patch lifetime.
To analyze the impact of spatial correlation in disturbance on
metapopulation extinction we generate simulations with either spatially
random or aggregated disturbances, with varying colonization rates and
the following parameter values: disturbance rate d ¼ 0:1, recovery rate
r ¼ 0:3, extinction rate e ¼ 0:2 and disturbance severity s ¼ 0:2. We use a
Monte Carlo approach (Manly, 1991) for exploring the effect of the
colonization rate on the metapopulation dynamics, randomly choosing
500 sample colonization probabilities, (1ec/N), from the range 0–0.35.
We simulated the dynamics of the metapopulation for the full 500 time-
steps for each of the 500 parameter sets. We examine the effect of dispersal
range, as determined by the degree of connectivity between patches, for
each set of disturbance–colonization parameters across each of ﬁve
dispersal ranges (i.e. d ¼ 1; 2; 3; 4, orN distance units) implemented using
Eq. (3). These dispersal ranges correspond to ﬁve levels of connection
between patches, ranging from nearest neighbor connections only,
through to all patches being equally connected regardless of their location.
We compare the patch lifetimes, i.e. the length of time a patch is
suitable, for landscapes with aggregated and random disturbances. We
examine the differences between these types of disturbance across both
patch spatial conﬁgurations described above (10 10 and 2 50 grids). To
illustrate the relationships between the type of disturbance and the spatial
conﬁguration of patches we use the lifetimes calculated from 500 repeat
simulations, evaluated using a ﬁxed parameter set selected from within the
range of that used in our other analyses. The patch lifetime comparison is
done with a disturbance rate equal to 0.1 and severity equal to 0.2 (other
parameters have no effect on the patch lifetimes, which are purely a
consequence of habitat processes).2.3. Model validation
In order to validate the simulation model we compare it with a spatially
implicit, deterministic model that is an adaptation of the classic Levins
(1969, 1970) metapopulation model to include habitat dynamics. It is
similar to that proposed by Johnson (2000) and recently derived as the
limit of a discrete-state stochastic model by Ross (2006). The habitat
dynamics under this deterministic model are described by the rate of
change in the amount of the suitable habitat m:
dm
dt
¼ rð1 mÞ  d 0m, (5)
where r is the recovery rate, and d 0 ¼ dp is the per patch disturbance rate.
For the metapopulation dynamics, the rate of change in the proportion of
patches n that a species occupies is given by
dn
dt
¼ c0nðm  nÞ  ðe þ d 0Þn, (6)
where c0 ¼ cmc=N is the effective colonization rate for mean number of
connections per patch mc, and e is the intrinsic local extinction rate (not
including local extinctions caused by habitat that becomes unsuitable).
The equilibrium proportions m of suitable and n of occupied patches are
then readily calculated from (5) and (6) as m ¼ r=ðr þ d 0Þ and
n ¼ m  ðe þ d 0Þ=c0 (Johnson, 2000).
We compare, over a range of values for the colonization probability,
the equilibrium values of the proportions of suitable and occupied patches
from the deterministic model with the mean values of these proportions,
conditional on persistence of the simulated metapopulation over 500 time-
steps. While some differences between the models are expected, broad
agreement would indicate that the simulation model is functioning
properly.
3. Results
3.1. Comparison of analytic and simulation results
The stochastic simulation and deterministic analytic
models show similar habitat dynamics, as represented by
the mean or equilibrium number of suitable patches,
although this agreement is not so close at high disturbance
severities (for a ﬁxed disturbance rate; Fig. 1a). When
disturbance severity is high, many patches are disturbed at
once but infrequently so, and hence the number of suitable
patches varies greatly (Fig. 1b). The discrepancy between
the analytic and the simulation models appears to be due to
the magnitude of the variance in the number of suitable
patches in the stochastic simulation.
3.2. Correlated disturbances, colonization, and landscape
configuration
Spatially aggregated disturbances result in greater
metapopulation extinction probabilities than spatially
random ones across a wide range of landscape connectiv-
ities, colonization probabilities, and patch spatial conﬁg-
urations (Fig. 2). As expected, landscape connectivity has a
strong effect on metapopulation extinction probability,
with increasing connectivity resulting in large increases in
persistence for a given colonization probability. At one
extreme, when all patches are equally connected, there are
no differences in extinction probability if we change either
the type of disturbance or the patch spatial conﬁguration;
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patterns (Fig. 2). More intriguingly when the level of
connectivity decreases (from a dispersal range of 4 to a
dispersal range of 1 distance unit) all of these results are
strongly affected by the spatial conﬁguration of patches
(Fig. 2a and b) and the spatial pattern of disturbance (Fig.
2c and d). For instance, the difference between simulations
with spatially aggregated and random disturbances is much
larger when the landscape is an elongated 2 50 grid (Fig.
2b), as opposed to a more compact square 10 10 grid
(Fig. 2a). The metapopulation extinction probability can
be twice as high for an elongated conﬁguration as it is for a
compact conﬁguration for the same connectivity and total
number of disturbances. The impact of the spatial
conﬁguration of the patches in the metapopulation (Fig.
2c and d) is even stronger than the impact of the spatial
pattern of the disturbance (Fig. 2a and b). Indeed, under
the same disturbance regimes, it is possible for a compact
metapopulation to have an extinction probability close to
zero over the time-scale of the simulations, while a
metapopulation with an elongated spatial conﬁguration is
almost certain to become extinct. The boundary conditions
on extinction in the metapopulation system, i.e. the values
of the colonization probability at which we observe either
at least one persistent metapopulation or observe that all ofStandard Deviation o
0
5
10
15
20
25
30
35
40
0 0.1 0.2 0.3 0.4
Disturba
S
u
it
a
b
le
 p
a
tc
h
e
s
Stdev R d=cst
Stdev R ds=cst
Stdev A d=cst
Stdev A ds=cst
Mean of Nbr o
70
75
80
85
90
95
100
0 0.2 0.4
Disturba
S
u
it
a
b
le
 p
a
tc
h
e
s
Mean R d=cst
Mean R ds=cst
Mean A d=cst
Mean A ds=cst
Johnson ds=cst
Johnson d=cst
a
b
Fig. 1. (a, b). Means of the number of suitable patches (a) and standard deviati
time 500 for our spatially explicit model (solid lines) when the recovery rate
whether the population still persists at the end of the simulation, and only consi
represented as a single parameter, so here we either hold dp ¼ 0:02 constant (bla
severity p. As we anticipate, given the similarities in the mechanisms of the tw
except at the extreme when disturbance severity is large, and particularly in t
large, so is the standard deviation of the number of suitable patches (b); agaithe runs persist, summarize the substantial differences
between the spatially aggregated and random disturbance
regimes (Fig. 3). This difference is largest for the maximum
colonization probability (i.e. the colonization rate at which
at least one extinction is observed) when landscape
connectivity is lowest ðd ¼ 1Þ. As landscape connectivity
increases, the colonization probability at which extinctions
are observed decreases towards 0, and the effect of spatial
aggregation in disturbance also decreases. Again, the
spatial conﬁguration of patches has a strong effect on this
pattern, with larger differences between correlated and
random disturbances in a landscape with an elongated
conﬁguration of patches.
3.3. Correlated disturbances, habitat configuration and
patch lifetime
Patch lifetimes, the time between recovery of a patch and
its next disturbance, are strongly affected by the dis-
turbance regime (Table 1, Fig. 4a and b). When dis-
turbances are spatially random, the patch lifetime does not
differ signiﬁcantly between patches, while spatial correla-
tion in disturbance substantially increases the variance in
patch lifetime across the landscape, resulting in longer
maximum and shorter minimum lifetimes (Figs. 4a and b;f Nbr of Suitable patches
0.5 0.6 0.7 0.8 0.9 1
nce severity
f Suitable patches
0.6 0.8 1
nce severity
on (b) at equilibrium for the model of Johnson (2000) (dashed lines), and at
is equal to 0.3. Here we ignore the metapopulation dynamics, including
der the number of suitable patches. In the Johnson model, the product dp is
ck lines), or hold d ¼ 0:01 constant (gray lines), and in either case vary the
o models, the simulation model broadly agrees with the analytical model,
he case where d is constant (rather than ds). When disturbance severity is
n, this is most evident in the constant d case.
ARTICLE IN PRESS
S. Vuilleumier et al. / Theoretical Population Biology 72 (2007) 77–85 81Table 1). This is a consequence of both the disturbance
regime and the spatial conﬁguration (Fig. 4). When
disturbance is correlated, patches at the edge of the
landscape receive relatively fewer disturbances (Fig. 4a),
while in the case of random disturbance there is little or no
difference, as should be anticipated. This pattern is
strongly inﬂuenced by patch spatial conﬁguration (Fig. 4c
and d). If disturbances are spatially aggregated, patches at
the edge of an elongated landscape have much longer
lifetimes than edge patches in a more compact landscape.
But, the patches near the edge of the compact landscape
are better connected to the whole system. Thus, while the
most isolated patches of the elongated system might serve
as effective disturbance refugia, they are poorly connected
and hence have limited ability to recolonize the rest of
system.
4. Discussion
By including habitat dynamics in spatially explicit
metapopulation models (Fahrig, 1992; Gyllenberg and
Hanski, 1997; Brachet et al., 1999; Johnson, 2000; Keymer
et al., 2000; Amarasekare and Possingham, 2001; Ellner
and Fussmann, 2003; Thomas and Hanski, 2004), it is
possible to provide management and conservation plans
for species in successional systems and systems subject to
occasional disturbance (Possingham et al., 1994; Linden-
mayer and Possingham, 1996; McCarthy and Linden-
mayer, 2000; Amarasekare and Possingham, 2001; Akc-
akaya et al., 2004). In this paper, we use a metapopulation
and patch dynamic simulation model using object-oriented
programming to look closely at the implications of spatial
and temporal structure of disturbances in metapopulations
with different spatial patch conﬁgurations.
In general, we found that both the spatial patterns of
disturbance and patch conﬁguration affect metapopulation
persistence. In our simulations, increased spatial correla-
tion in habitat disturbance always increases the extinction
probability. Population extinction is much smaller when
the spatial conﬁguration of the metapopulation is compact
rather than elongated. The strength of these effects depends
on the degree of connectivity amongst the patches. These
results conﬁrm the importance for metapopulation persis-
tence of individual dispersal distance (Hanski, 1999;
Hanski and Ovaskainen, 2000; Johst et al., 2002) as well
as the disturbance regimes (Fahrig, 1992; Johst and
Drechsler, 2003). In addition, we show that the spatial
conﬁguration could make the difference between a high
probability of persistence and a high probability of
extinction for a metapopulation. Under a ﬁxed disturbance
regime, a metapopulation with an elongated spatial
conﬁguration is almost certain to become extinct when
compact one is predicted to remain viable in almost all
cases. Such a result is due to large differences in patch
lifetime that depends on the spatial location of patches.
Consequently, the position of patches relative to each other
in such dynamic systems could be used to help determineappropriate management strategies on a patch-speciﬁc
level.
With appropriate simpliﬁcations, our simulation model
generally agrees with analytic results from a spatially
implicit deterministic model which includes habitat dy-
namics. We found a fairly close ﬁt. We also compared the
mean proportion of patches occupied in the simulation
model with the value predicted at equilibrium in the
analytical model. Again, when we conditioned the simula-
tion on non-extinction, we found the patterns generated by
the models generally agreed. However, there is some
deviation between the two models, which is particularly
apparent at low colonization rates. This difference is due to
the discretization of the timing of the events. In the analytic
model, the size of the population changes instantaneously
and continuously, while in the stochastic simulations,
colonization is discrete in size and in timing. Thus, the
deviations from the analytic model, which are particularly
evident when the colonization rate is low, suggest a
colonization rate at which the stochasticity in the
colonization process becomes important.
We looked at the impact of the pattern of disturbance on
metapopulation persistence, and how this interacts with
colonization rate, patch connectivity and the spatial
conﬁguration of patches. While spatial correlation in patch
disturbance always results in increased extinction prob-
abilities, these differences in metapopulation extinction
depend nonlinearly on patch connectivity. When the
connectivity in the system is low (dispersal only between
adjoining patches), the value of the colonization rate
required to achieve a given metapopulation extinction
probability increased strongly as the level of connectivity
decreased. Conversely, when the system is already well
connected a large increase in the average number of
connections per patch does not signiﬁcantly increase the
viability of the system (Fig. 3). The impact of an increase in
the degree of patch connectivity (the number of connec-
tions per patch) also depends on the spatial conﬁguration
of patches. Indeed, for a given set of disturbance
parameters, more connected patches are needed to main-
tain a viable metapopulation when the patch conﬁguration
is elongated. These results can be understood by looking at
patch lifetimes in the various cases (Keymer et al., 2000;
Frank and Wissel, 2002; Ellner and Fussmann, 2003;
Hastings, 2003; Frank, 2005). According to Johst and
Drechsler (2003) and Kallimanis et al. (2005), spatial
correlation in patch destruction causes increasing temporal
ﬂuctuations and is generally disadvantageous for long-term
persistence. Our simulation results agreed with these
results: while average patch lifetimes are fairly equivalent
for the spatially aggregated and random disturbance
scenarios, in the aggregated case the variance in patch
lifetimes is much greater and metapopulation persistence
declines. Importantly, the distribution of patch lifetimes
also has a distinct spatial conﬁguration. Patches at the
edges of the landscape are suitable for much longer than
average lifetimes, while centrally located patches have
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Fig 2. (a–d). Extinction probability at time 500 with varying colonization rates and for four levels of connection, in the cases where disturbance is random
or spatially aggregated, with 100 habitat patches on a well-connected 10 10 grid and on a more poorly connected 2 50 grid. The rates used for the
simulations are: extinction rate ¼ 0.2; recovery ¼ 0.3, disturbance rate ¼ 0.1 and disturbance severity ¼ 0.2. The level of connection deﬁnes the
connectivity between habitat patches, a level of 1 means colonization is possible only between patches within a distance unit 1, and so on. Level 5
corresponds to the case where all patches in each system are equally connected. The results are presented in two different ways to highlight the effects of
both random versus spatially aggregated disturbances, (a) and (b), and the spatial structure of the patch system, (c) and (d).
S. Vuilleumier et al. / Theoretical Population Biology 72 (2007) 77–8582much shorter ones. The implication is that the patches that
are most stable, and thus most likely to be occupied, will be
the ones with the fewest connections to other patches. A
further implication of this pattern is that the centralportion of the landscape acts as a barrier to percolation of
colonization events through the landscape, as many of the
patches in that area will be disturbed at a given time, and
colonists landing in any suitable patch are likely to go
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Fig. 3. Minimum and maximum value of colonization rates necessary for metapopulation persistence at different levels of connectivity, with two spatial
conﬁgurations, (a) 2 50, and (b) 10 10, when disturbance is either aggregated (A) or randomized (R). The left abscissas and the solid squares lines show
the number of connections per patch for each level of connectivity, representing the maximum distance between patches for which colonization is possible.
The right abscissas and remaining lines indicate the minimum colonization rate for which metapopulations persist (square) and maximum rate for which
extinctions occur (triangle) for each level of connectivity and for random (solid line) and aggregate (dashed line) disturbances.
Table 1
Patch lifetimes for different simulation scenarios
Patch lifetime 10 10 2 50
Random Aggregated Random Aggregated
Minimum 41.8 31.7 39.8 31.5
Maximum 52.8 81.7 53.6 78.3
Mean 46.3 46.1 46.9 41.1
Standard deviation 2.0 11.3 2.2 8.7
Statistics for patch lifetimes are calculated from 45 000 observations for
each scenario.
S. Vuilleumier et al. / Theoretical Population Biology 72 (2007) 77–85 83extinct quickly due to the frequent disturbances. In the
system we have considered, patches on the periphery of a
system present a double-bind: they are more stable in the
face of correlated disturbance yet less suitable as sources of
colonists. The effectiveness of edge patches as potential
refugia may therefore vary greatly, according to whether
their stability or isolation proves the dominant factor. This
further highlights the importance for conservation manage-
ment of careful assessments of the relative contributions of
edge versus interior patches to persistence (Sutherland
et al., 2006).
The elongated patch conﬁguration illustrates the inter-
action colonization probability and disturbance probabil-
ities. Here the minimum patch lifetime is similar to that for
the 10 10 case, however, the maximum, mean, and
variance are all lower. This difference is driven by the
lower ‘‘concentration’’ of patches. That is, the spatially
aggregated disturbances are spread more evenly over the
landscape in the 2 50 case, as can be seen in Fig. 4, withthe exception of the patches at the far ends of the
landscape. Thus, for a given parameter set this system
has a higher probability of extinction, or conversely
requires a higher colonization rate to realize the same
extinction rate, compared with the more compact 10 10
case. The explanation is that not only are patch lifetimes on
average shorter, but also the very persistent patches are
quite far apart, and colonization must percolate through a
very large set of patches each of which has a relatively short
lifetime.
The patterns in patch lifetime also suggest why patch
connectivity plays such a signiﬁcant role in determining
when spatially aggregated disturbances produce different
results from random ones. If reasonably distant patches are
connected, then colonists can move between patches that
are quite stable, thus the dynamics of the system will be
driven primarily by the colonization dynamics of these
patches (and population extinction). In an extreme case,
such a system may become equivalent to a system with
fewer patches, but where there are no habitat dynamics.
Management that decreases spatial correlation in dis-
turbance will have relatively little effect in compact
systems, in comparison with less compact systems. In
either case, large gains in metapopulation persistence can
be made if patch connectivity is low and can be increased.
In contrast, when patch connectivity is high it is the most
effective strategy is to increase colonization rates. This
difference in management actions has implications that
may vary across landscape. Low connectivity suggests
more corridors should be added; once patches are reason-
ably well-connected, effort should focus on facilitating
movement through those corridors, i.e. increasing the
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Fig. 4. Spatial patterns of mean patch lifetimes for random and aggregate disturbances on systems of habitat patches on a 10 10 grid and the 2 50
system of patches. In each case, the disturbance rate is equal to 0.1 while the disturbance severity is 0.2.
S. Vuilleumier et al. / Theoretical Population Biology 72 (2007) 77–8584colonization rate. However, in the less compact case, if
dispersal is limited, reasonably large gains can also be
made if spatial correlation in disturbances can be reduced.
In many types of habitat, disturbance may be state
dependent, for instance the frequency and intensity of ﬁre
in a patch depends on the state of vegetation in the patch
(Cochrane, 2003), and thus management of disturbances
can be achieved by management of habitat.
Much remains to be learnt about the consequences of the
interplay between spatially complex metapopulation and
habitat processes, but our results go some way to exploring
these and have signiﬁcant implications for the spatial
management of ecological systems. While demonstrating
that assemblages of individuals of a species distributed
across a patchy habitat function as a metapopulation has
often proven difﬁcult (Harrison, 1991), many species and
ecological systems are now managed based on the
assumption that they function as a metapopulation
(Hanski, 1999; Hanski and Ovaskainen, 2000; Frank and
Wissel, 1998, 2002). Accepting the premise of metapopula-
tion dynamics, our results show that the spatial structure of
habitat dynamics plays a central role in determining
persistence, and deﬁning the most effective management
tools. If disturbances are either spatially correlated, for
instance the effects of hurricanes or droughts on habitat, or
are contagious, such as forest ﬁres, patches at the edge of
the landscape may serve as important stable sites that
support the metapopulation during disturbance events.
The value of these patches must be balanced against the
negative impacts that they may suffer due to anthropogenic
inﬂuences or other edge-related phenomena and their
limited ability to recolonize the remainder of this system.Acknowledgments
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